The aim of the present study was to investigate the bone mineral density (BMD) of patients with type 1 Diabetes mellitus (T1DM). We also assessed the association between osteoprotegerin (OPG) genetic polymorphisms and BMD. Genotyping was performed for 1181G>C and 163A>G OPG polymorphisms by allelic discrimination in 119 patients with T1DM and 161 normoglycemic (NG) individuals, aged 6 to 20 years old. Glycemic control, serum parameters of bone metabolism and BMD were evaluated. T1DM patients showed low BMD, poor glycemic control and decreased total calcium values when compared to controls (p < 0.05). For all the polymorphisms studied, the genotype and allele frequencies in patients with T1DM were not significantly different from the controls. In patients with T1DM, carriers of OPG 1181CC showed higher concentrations of ionized calcium compared to patients with GG+GC genotypes. These results suggest that low BMD is associated with poor glycemic control in T1DM. Despite the lack of a detected association between OPG polymorphisms and BMD in these patients, the increased ionized calcium in those carrying OPG 1181CC suggests a possible increase in osteoclastogenesis, a conclusion that may be supported by the lower BMD observed in these subjects.
INTRODUCTION
Type 1 Diabetes mellitus (T1DM) is an autoimmune disease in which pancreatic beta cells are selectively destroyed, leading to chronic hyperglycemia and consequentially long-term vascular complications such as retinopathy, neuropathy, nephropathy and osteopathy (American Diabetes Association, 2016) . More than 50% of patients with T1DM have bone loss compared to healthy age-matched subjects (Muñoz-Torres et al., 1996; Kemink et al., 2000) markers of bone formation plasma insulin-like growth factor I (IGF-I), and a variety of bone-related changes are known to be influenced by hyperglycemia such as femoral neck geometry, microarchitecture and biomechanical markers of bone turnover (Starup-Linde, 2013; Bortolin et al., 2015; . However, the association between T1DM and bone mineral density (BMD) is controversial. Some studies have demonstrated a reduced BMD (Pan et al., 2014; Kujath et al., 2015) , while others have shown normal or even increased BMD (Gallacher et al., 1993; Maggio et al., 2010) in patients with T1DM compared to control subjects.
Despite evidence that T1DM is associated with bone fragility, the mechanisms are not completely understood (Hamann et al., 2012) . The discovery of nuclear factor-B (RANK)/RANK ligand (RANKL)/osteoprotegerin (OPG), factors involved in the control of osteoclast differentiation and osteoporosis, has advanced bone research into a new era (Boyce, Xing 2008) . The RANK/RANKL/OPG system is an important signal transduction pathway that regulates bone resorption, modeling, and remodeling. The binding of OPG to RANKL inhibits binding between RANKL and RANK, thereby preventing osteoclast precursor differentiation and fusion to form mature osteoclasts (Boyce, Xing 2008) .
Data from the literature indicates that OPG is considered to be one of the most important candidate genes for influencing the pathogenesis of osteopathy (Song et al., 2013; Wang et al., 2013; Guo et al., 2014) particularly in postmenopausal women. It is characterized by a reduction in BMD. As an active component of this system, therefore, polymorphisms in the OPG gene might influence bone metabolism and BMD (Wang et al., 2013; Guo et al., 2014) neck hip and total hip was determined by dual-energy X-ray absorptiometry (DEXA). Although several studies have investigated the association of OPG single nucleotide polymorphisms (SNPs) such as 163A>G, 1181G>C, 245T>G, and 950T>C with BMD and bone disorders (Feng et al., 2012; Liu et al., 2013; Wang et al., 2013; Yu et al., 2013; Guo et al., 2014) which is characterized by a decrease in BMD, the relationship between the 1181G>C and 163A>G SNPs of the OPG gene and T1DM and BMD has not yet been evaluated.
Thus, the aim of the present study was to investigate the relationship between hyperglycemia and alterations in BMD and serum bone biomarkers in individuals with T1DM, as well as possible associations with the 1181G>C and 163A>G OPG polymorphisms.
MATERIAL AND METHODS

Material
Study subjects
This cross-sectional study included 119 individuals diagnosed with T1DM according to American Diabetes Association criteria (American Diabetes Association, 2016), aged 6 to 20 years old and receiving insulin therapy. Patients were recruited at the Endocrinology Pediatrics Unit, Pediatrics Hospital of the Federal University of Rio Grande do Norte (UFRN), in Natal, RN, Brazil. All individuals with T1DM who attended the Endocrinology Pediatrics Unit were invited to participate in the study.
A group of normoglycemic (NG) and non-diabetic individuals (n = 161) were recruited from local public schools. Exclusion criteria for both groups included other inflammatory diseases, evidence of systemic illnesses that could affect BMD, infections, and pregnancy. The University Hospital Onofre Lopes (UFRN) Human Research Ethics Committee approved the study (protocol number 328/09). All study participants or their parents provided written informed consent prior to enrollment. After assessment of medical history, fasting blood samples were obtained from all subjects for biochemical analyses and genotyping.
Biochemical measurements
Glycemic control was assessed by measuring glycated hemoglobin in total blood and fasting serum glucose. Biomarkers of bone metabolism analyzed include alkaline phosphatase (ALP) and bone alkaline phosphatase (b-ALP) activities; in addition, total and ionized calcium and phosphorus were measured. Glucose, ALP activity, and total calcium and phosphorous tests were performed using LABTEST kits (Lagoa Santa, Brazil) and LABMAX PLENNO equipment (LABTEST). Glycated hemoglobin was measured using an RA 50 spectrophotometer (Bayer Diagnostics, Dublin, Ireland). b-ALP activity was determined by a chemiluminescent method using Liaison equipment (DiaSorin-Diagnostics, EUA); and serum ionized calcium was measured using an AVL electrolyte analyzer (Roche Diagnostics, Roswell, GA, USA).
BMD measurements
The BMD of the lumbar spine (L1-L4) of each participant was determined by DEXA using a LUNAR-GE DPX-NT bone densitometer (Lunar Corporation, Madison, WI, USA). The assessed parameters included bone area (BA, cm 2 ), bone mineral content (BMC, g) and BMD (g/cm 2 , or Z-score). In order to minimize the influence of already established height, weight, and pubertal development, a predicted mathematical model for BMD correction was applied, from which an adjusted BMD expressed in SD (Z-score) was obtained. Lumbar spine DEXA was chosen as the preferred method for BMD assessment because of the relatively low radiation doses required, as well as an overall lower cost owing to the speed of the procedure.
According to the criteria set by the Brazilian Society of Bone Densitometry for the definition of decreased BMD, the term "osteoporosis" should not be used in children and adolescents, considering only densitometric criteria. Thus, the terminology "low bone mass for chronological age" was suggested to be more appropriately used to characterize those individuals with Z-scores lower than -2.0 (Zerbini et al., 2007) .
Genotyping
Peripheral blood mononuclear cells (PBMCs) were isolated from blood samples by discontinuous FicollHipaque (Sigma-Aldrich, St. Louis, MO, USA) gradients (specific density 1.070 g/mL) at room temperature. Subsequently, genomic DNA was recovered using the commercial Illustra Triple Prep kit (GE Healthcare, Little Chalfont, UK) according to the manufacturer's instructions. DNA was stored at -20°C until subsequent analysis.
TaqMan allelic discrimination was performed in a 7500 Fast Real-Time PCR System (Applied Biosystems, Foster City, CA, USA) for genotyping OPG 1181G>C (rs2073618) and 163A>G (rs3102735) polymorphisms. These polymorphisms were detected using Applied Biosystems TaqMan pre-designed assays C_1971047_1_ and C_1971046_10, respectively. To validate the genotyping, 10% of the samples, chosen randomly, were re-genotyped.
Data analysis
The Kolmogorov-Smirnov test was performed to determine whether quantitative variables could be considered normally distributed. Differences between groups of variables with distributions considered normal were calculated with t tests and ANOVA followed by Tukey's multiple comparison testing. For group comparisons of skew-distributed variables, Mann Whitney and Kruskall-Wallis followed by Dunn's tests were used. Correlation was assessed by Spearman's or Pearson's rank tests. The Chi-square test was used to test for associations between polymorphisms and study groups. These analyses were performed using Sigma Stat software version 3.5 (Systat software, Erkrath, Germany). Logistic regression analysis was implemented to evaluate the effect of genetic and non-genetic variables associated with T1DM and BMD. This part of the statistical analyses was performed by the SNPassoc package from the statistical software R version 2.15.2 (R foundation for Statistical Computing, Vienna, Austria) (http://cran.r-project.org/web/packages/ SNPassoc/index.html). p-values < 0.05 were considered significant. Table I shows biochemical and clinical data for the NG and T1DM groups. No significant difference in chronological age or sex was found between groups. As expected, serum glucose and glycated hemoglobin values were significantly higher (p < 0.001) in the group composed of subjects with diabetes compared to NG individuals. No difference was found in ionized calcium, phosphorus, or 
RESULTS
Clinical and biochemical data
BMD data
BMD, expressed as a Z-score, was lower in the T1DM compared to the NG group (p < 0.001) as shown in Table I . In an effort to understand the relationship between poor glycemic control and bone density in T1DM, a correlation analysis was performed. A significant negative correlation was observed between BMD and glucose (r = -0.28, p = 0.029); ionized calcium was significantly and negatively correlated with BMD (r = -0.29, p = 0.04).
Of the 119 patients with T1DM studied, 13 (11%) showed "low bone density for chronological age" (BMD: -2.0 ± 1.8) and had poor glycemic control at the time of sample collection (glucose: 205.5 ± 126.7 mg/dL; glycated hemoglobin: 10.6 ± 3.1%). The average age and age at diagnosis of these patients was 13.0 ± 4.5 and 7.9 ± 2.9 years, respectively, and the average time of diagnosis was following 3.5 (1.1-5.3) years of diabetes.
OPG polymorphisms in the T1DM and NG groups
Hardy-Weinberg equilibrium was verified for the two polymorphisms examined in the NG and T1DM groups. Randomly re-genotyped samples confirmed previously established genotypes with no discrepancies. Table II shows genotypic and allelic distributions for OPG 1181G>C and 163A>G polymorphisms.
For the allelic distributions of OPG 1181G>C, we found that the C allele was less frequent in the T1DM group, although this finding was not statistically significant (p = 0.054). No association was found following analyses of the polymorphisms according to different genetic models. Table III presents the genetic models with the lowest p-values for each polymorphism examined.
As the number of patients with altered BMD was not adequate to establish a separate group with sufficient power for analysis, in order to investigate the relationship of each polymorphism with bone alterations, we evaluated markers of glycemic control and bone biomarkers in the subjects with T1DM according to their genotype (Table  IV) . For the OPG 1181G>C polymorphism, the level of ionized calcium was significantly increased (p = 0.036) in CC compared to GG+GC carriers.
DISCUSSION
In this study, patients with T1DM displayed poor glycemic control, and were therefore subjected to a higher risk of developing diabetic complications such as osteopathy. This is consistent with previous studies which demonstrated that prolonged exposure to hyperglycemia can promote changes in bone turnover, primarily in bone formation, leading to a decrease in bone mass, which can in turn result in short-term bone fragility and osteopenia/ osteoporosis (Gunczler et al., 1998; Gogas Yavuz et al., 2011; Loureiro et al., 2014) .
The pathogenesis of diabetic osteopathy is not completely understood. However, it seems reasonable to suppose that a combination of factors including genetic, nutritional, hormonal, environmental, physiological and acquired diseases influence bone development and maintenance, and each has a different impact on bone quantity as well as metabolic mechanism (Paula, Horowitz, Rosen, 2010; Gogas Yavuz et al., 2011) . Several hypotheses have been be considered for the mechanism of diabetic osteopathy, including accelerated aging in the bone marrow compartment due to enhanced reactive oxygen species, direct glucose toxicity to osteoblasts and changes in circulating calciotropic hormones or growth factors (Paula, Horowitz, Rosen, 2010) . With respect to the latter, we recently showed that IGF1, IGF1 receptor (IGF1R) and transforming growth factor beta 1 (TGFB1) mRNA expression associated with poor glycemic control lead to a decreased anabolic effect of these genes in the bone tissue; this may negatively affect bone mass peak acquisition and result in a low BMD (Souza et al., 2016) .
In our study, BMD was decreased in the T1DM group, a result suggestive that bone development occurs in parallel with the presence of diabetes and might induce fragility and a reduced peak bone mass in patients with T1DM, resulting in a deficit in bone mass which may manifest as osteopenia in the growing bone. This hypothesis is supported by the inverse correlation we observed between BMD and serum glucose, as well as by the negative correlation between ionized calcium and BMD seen in patients with T1DM. Is important to note that among the 119 subjects with diabetes studied, approximately 11% had already lost bone mass. Therefore, the individuals who presented with low bone density for their chronological age might also be supposed to exhibit bone microarchitecture fragility with a concomitant higher risk of fractures and lower peak bone mass. Additionally, ALP activity showed a negative correlation with time of diagnosis and glycated hemoglobin in the T1DM group supports the idea that chronic hyperglycemia might lead to suppressed bone turnover and thus potentially fragile bones. Data on bone density in T1DM are controversial. Although the present findings are in agreement with a few previous studies (Gunczler et al., 1998; Gogas Yavuz et al., 2011; Loureiro et al., 2014; Souza et al., 2016) , others found no significant decrease in BMD in individuals with T1DM when compared to controls (Bechtold et al., 2006; Brandao et al., 2007; Amorim et al., 2008; Maggio et al., 2010; Simmons et al., 2011) . Some of these studies had limitations, such as sample sizes not sufficient to draw definitive conclusions regarding BMD. In study performed by Brandão et al. (2007) , children and adolescents with T1DM have normal bone mass in their lumbar spines; however, these researchers demonstrated that longer diabetes duration and poor metabolic control might have a negative impact on bone mass, requiring further investigation through longitudinal studies (Brandao et al., 2007) . In agreement with our results, Gunczler et al., (1998) suggested that T1DM in children was associated with low bone turnover resulting in a decline in bone mass, which might manifest as osteopenia in the growing bone (Gunczler et al., 1998) . Pan et al. (2014) , in a metaanalysis of cross-sectional studies, reports that T1DM is associated with a significantly lower BMD overall, and BMD (including total body, spine and femur) differences were also observed in patients <20 years old. However, bone loss among patients with T1DM <20 years old suggested that BMD may decrease relatively early in the course of the disease (Pan et al., 2014) . Notably, osteopenia has been reported at the onset of T1DM, suggesting the existence of pathogenic mechanisms that operate before the overt manifestation of T1DM. It is established that islet cell destruction and insulinopenia begin several years before the onset and clinical recognition of disease. Therefore, it is possible that some of the autoimmune and auto-inflammatory responses, occurring before and after the onset of diabetes, may play a role in bone loss (Pan et al., 2014) .
Many previous studies have reported that genetic factors play key roles in the pathogenesis of osteopathy and low BMD. The OPG gene has been verified as being involved in bone remodeling, bone mineral homeostasis, and bone matrix composition (Liu et al., 2013) neck, and total hip by DEXA. However, to date, no studies have been published that evaluate the relationship of the 1181G>C and 163A>G SNPs of the OPG gene with BMD in patients with T1DM, despite evidence that these polymorphisms are associated with a loss of bone mass (Shang et al., 2013; Song et al., 2013) . Our results, following an examination of the OPG polymorphisms in the T1DM group, demonstrate no association with alterations in BMD and bone biomarkers, but revealed that the levels of ionized calcium were increased in carriers of the OPG 1181G>C polymorphism CC genotype, when compared to carriers of the GG+GC genotypes, suggesting that this polymorphism might favor osteoclastogenesis.
In order to elucidate the true contribution of OPG polymorphisms to the development of bone alterations in T1DM, further studies with larger samples of patients are needed. These will improve our understanding of the contribution of this and other genes to bone mass status and allow the development of preventive and/or therapeutic interventions in T1DM.
CONCLUSION
In summary, we demonstrated that prolonged hyperglycemia resulting from T1DM is a negative factor in bone metabolism, which leads to an imbalance in bone homeostasis. In addition, children and adolescents presenting with an early onset of T1DM may possess a bone mass peak lower than that of healthy subjects and consequently impaired growth, factors that make these individuals more prone to fractures, increasing the risk of osteoporosis in adult age. Despite the lack of a detected association between OPG 1181G>C and 163A>G polymorphisms and BMD in patients with T1DM, increased ionized calcium in those carrying CC genotypes for the OPG 1181G>C polymorphism suggests a possible increase in osteoclastogenesis, which may be caused by the lower BMD observed in these subjects. Thus, our results contribute to the efforts to address the research gap in the elucidation of factors associated to the bone fragility of patients with T1DM and to improve their bone health.
